Asthma is one of the most common immunological diseases and is characterized by airway hyperresponsiveness (AHR), mucus overproduction, and airway eosinophilia. Although mouse models have provided insight into the mechanisms by which type-2 cytokines induce asthmatic airway inflammation, differences between the rodent and human immune systems hamper efforts to improve understanding of human allergic diseases. In this study, we aim to establish a preclinical animal model of asthmatic airway inflammation using humanized IL-3/GM-CSF or IL-3/GM-CSF/IL-5 Tg NOD/Shi-scid-IL2rg null (NOG) mice and investigate the roles of human type-2 immune responses in the asthmatic mice. Several important characteristics of asthma -such as AHR, goblet cell hyperplasia, T cell infiltration, IL-13 production, and periostin secretion -were induced in IL-3/GM-CSF Tg mice by intratracheally administered human IL-33. In addition to these characteristics, human eosinophilic inflammation was observed in IL-3/GM-CSF/IL-5 Tg mice. The asthmatic mechanisms of the humanized mice were driven by activation of human Th2 and mast cells by IL-33 stimulation. Furthermore, treatment of the humanized mice with an anti-human IL-13 antibody significantly suppressed these characteristics. Therefore, the humanized mice may enhance our understanding of the pathophysiology of allergic disorders and facilitate the preclinical development of new therapeutics for IL-33-mediated type-2 inflammation in asthma.
Introduction
Asthma, a chronic immune disorder of the bronchus, is characterized by airway hyperresponsiveness (AHR) and remodeling, mucus hyperproduction, and leukocyte inflammation. Despite treatment with inhaled corticosteroids plus a second controller (long-acting β2 agonist, leukotriene receptor antagonist, or theophylline), many patients with asthma exhibit sustained, uncontrolled allergic airway inflammation (1) (2) (3) . Such individuals belong to the high-risk group of asthmatic patients and have a poor quality of life (4, 5) . Th2 cells, mast cells, basophils, and type-2 innate lymphoid cells (ILC2) produce Th2 cytokines, such as IL-4, IL-5, and IL-13, which contribute to the initiation and exacerbation of asthmatic airway inflammation. The airway epithelial cell-derived Th2-promoting cytokines IL-33, thymic stromal lymphopoietin (TSLP), and IL-25 activate these immune cells following exposure to allergens (6) (7) (8) (9) (10) .
Therapeutic monoclonal antibodies targeting IL-4 and/or IL-13 can be effective in patients with uncontrolled asthma (11) . In a clinical trial, dupilumab, an anti-IL-4 receptor α monoclonal antibody, which inhibits both IL-4 and IL-13 signaling, reduced the asthma symptoms by inhibiting type-2 inflammation and pulmonary eosinophilia (12, 13) . Therefore, establishment of an in vivo model that can reconstitute human type-2 immune responses is important for the development of therapeutics effective against type-2 inflammation in asthma patients.
Animal models enable elucidation of the pathological and physiological mechanisms underlying disease and the preclinical testing of new drugs (14) . For the induction of asthmatic airway inflammation, Asthma is one of the most common immunological diseases and is characterized by airway hyperresponsiveness (AHR), mucus overproduction, and airway eosinophilia. Although mouse models have provided insight into the mechanisms by which type-2 cytokines induce asthmatic airway inflammation, differences between the rodent and human immune systems hamper efforts to improve understanding of human allergic diseases. In this study, we aim to establish a preclinical animal model of asthmatic airway inflammation using humanized IL-3/GM-CSF or IL-3/GM-CSF/IL-5 Tg NOD/Shi-scid-IL2rγ null (NOG) mice and investigate the roles of human type-2 immune responses in the asthmatic mice. Several important characteristics of asthma -such as AHR, goblet cell hyperplasia, T cell infiltration, IL-13 production, and periostin secretion -were induced in IL-3/GM-CSF Tg mice by intratracheally administered human IL-33. In addition to these characteristics, human eosinophilic inflammation was observed in IL-3/GM-CSF/IL-5 Tg mice. The asthmatic mechanisms of the humanized mice were driven by activation of human Th2 and mast cells by IL-33 stimulation. Furthermore, treatment of the humanized mice with an anti-human IL-13 antibody significantly suppressed these characteristics. Therefore, the humanized mice may enhance our understanding of the pathophysiology of allergic disorders and facilitate the preclinical development of new therapeutics for IL-33-mediated type-2 inflammation in asthma.
mice are easily sensitized to various antigens, including ovalbumin (15) , house dust mite (HDM) (16, 17) , cockroach (18) , Aspergillus fumigatus (19) , and ragweed extracts (20) . After sensitization, inhalation of these allergens induces the expression of type-2 cytokines in the lungs, resulting in antigen-specific IgE, eosinophilia, and AHR. Although murine models have enabled investigation of the pathogenic role of inflammatory cells, few in vivo models recapitulate the asthmatic responses mediated by human immune cells.
Humanized mice reconstituted with the human immune system are useful for investigating human immunology and establishing models of human immune diseases. Over the past decade, we and other groups have reported several severely immunodeficient mouse strains, such as NOD/Shi-scid-IL2rγ null (NOG) (21) (22) (23) , NOD/LtSz-scid IL2rγ null (NSG) (24, 25) , and BALB/c Rag2 IL2rγ null (BRG) (26) , which facilitate engraftment and differentiation of human immune cells after hematopoietic stem cell (HSC) transplantation. However, these strains do not exhibit differentiation of human myeloid lineage cells (including mast cells and eosinophils) and, therefore, are not appropriate models of human allergic diseases.
Recently, we developed a next-generation NOG strain into which the human IL-3 and GM-CSF genes were introduced (NOG IL-3/GM Tg) (27, 28) . In this model, human myeloid cells -including mast cells, basophils, and eosinophils -differentiate and maturate. Furthermore, a mast cell-mediated passive cutaneous anaphylaxis (PCA) reaction in response to antigen-specific human IgE can be induced.
In this study, we used NOG IL-3/GM Tg and NOG IL-3/GM/IL-5 Tg mice, which is a newly established mouse strain, to induce human eosinophil differentiation from HSC. We established a human type-2 cytokine-induced asthma model by intratracheal administration of human IL-33, and the mice exhibited characteristics similar to those of human asthma. This is the first humanized mouse model to our knowledge that recapitulates the pathology of human asthma, and it will facilitate the development of potentially novel therapeutic agents in preclinical studies.
Results

Infiltration of human T cells and mast cells into the lungs of the humanized mice.
First, we confirmed that the chimeric condition of human immune cells was adequate for this study at 12 weeks after transfer of human CD34 + HSC (data not shown). To induce asthmatic airway inflammation in hu-IL-3/GM Tg mice, recombinant human IL-33 was intratracheally administered for 3 consecutive days, and the bronchoalveolar lavage fluid (BALF) and lungs were analyzed 1 day after the final administration of IL-33 ( Figure 1A ). H&E staining showed marked leukocyte infiltration into the bronchus of IL-33-treated hu-IL-3/GM Tg mice. The majority of infiltrated leukocytes were human CD3 + T cells; large numbers of MCC + mast cells were also present ( Figure 1, B-D) . In the analysis of T cell subsets, CD4 + T cells expanded preferentially in BALF compared with peripheral blood (PB) ( Figure 1E ). Although the frequency of CD4 + /CD8 + T cells did not change after IL-33 treatment (Figure 1F ), the cell number of CD4 + and CD8 + T cell subsets increased after IL-33 treatment in lungs but not in the spleen of hu-IL-3/GM Tg mice ( Figure 1G ). These data demonstrated that the human T cells and mast cells were dominantly infiltrated into the airway of hu-IL-3/GM Tg mice with IL-33 treatment, and both human CD4 + and -CD8 + T cells in lungs proliferated in response to IL-33.
Production of human cytokines in the humanized mice. We next investigated the levels of human cytokines and chemokines in the lungs of IL-33-treated humanized mice. IL-13 and IL-5 showed high level in the BALF of IL-33-treated hu-IL-3/GM Tg mice but not in the BALF of the other mouse strains (Figure 2A ). CCL2 and IL-8 levels were slightly -but not significantly -increased, while other cytokines were not detected. Because IL-13 is a key factor in the development of asthmatic disease, we investigated the cell subsets responsible for IL-13 production in the lungs of the humanized mice. After IL-33 treatment, a large number of CD3 + T cells and a few CD203c + mast cells were present in the BALF of hu-IL-3/GM Tg mice. After phorbol 12-myristate 13-acetate (PMA) and ionomycin (IM) stimulation, human IL-13 expression was significantly upregulated in BALF T cells and mast cells compared with that in splenic T cells and mast cells ( Figure 2B) . In rodent models, ILC2 plays a crucial role in asthmatic airway inflammation by producing type-2 cytokines, such as IL-13 and IL-5. Thus, we assayed ILC2 in the lungs of the humanized mice. The scarce population of CD45 
CRTH2
+ human ILC2 was detected in the lungs of hu-IL-3/GM Tg mice regardless of IL-33 stimulation ( Figure 2C) . However, the cell number of ILC2 slightly increased after IL-33 stimulation ( Figure 2D ). These results suggest that the human T cells and mast cells are likely responsible for the initiation of asthmatic airway inflammation by producing human IL-13, and human ILC2 also might be responded by IL-33 stimulation.
Characteristics of asthma in IL-33-treated humanized mice. Patients with asthmatic airway inflammation typically exhibit mucus hyperproduction by goblet cells in the lungs. To examine mucus production by goblet cells in the lungs of the humanized mice, we performed periodic acid-Schiff (PAS) staining. After administration of IL-33, hu-IL-3/GM Tg mice exhibited mucus hyperproduction and goblet cell hyperplasia, whereas IL-33-administered hu-non-Tg mice and saline-administered hu-non-Tg and hu-IL-3/ GM Tg mice did not ( Figure 3, A and B) . Expression of periostin, a matricellular protein, is induced by IL-13, and the protein is deposited in the bronchial epithelium of asthma patients (29, 30) . It is also a serum biomarker of human Th2-high asthma (31) . The murine periostin concentration in BALF was significantly increased only in IL-33-administered hu-IL-3/GM Tg mice ( Figure 3C) ; this finding was Original magnification, ×10 for H&E and CD3, and ×20 for MCC. Scale bar: 100 μm for H&E and CD3; 50 μm for MCC. Statistical significance was calculated using Student's t test (D, E, and G) and 1-way ANOVA (C). *P < 0.05 and **P < 0.005, ***P < 0.0005, and ****P < 0.00005.
confirmed by IHC ( Figure 3D ). Furthermore, the murine periostin level was highly correlated with that of human IL-13 and human IL-5, reflecting the clinical situation ( Figure 3E ). However, there was no difference in serum periostin level between hu-IL-3/GM Tg and hu-non-Tg mice, even in the presence of IL-33 stimulation (Supplemental Figure 2 ; supplemental material available online with this article; https://doi. org/10.1172/jci.insight.121580DS1). We next evaluated AHR in these IL-33-treated hu-IL-3/GM Tg and hu-non-Tg mice by increasing concentration of methacholine inhalation. AHR was significantly higher in IL-33-administered hu-IL-3/GM Tg mice compared with saline-treated Tg mice when 25-50 mg/ml methacholine was inhaled ( Figure 3F ). The level of AHR was no difference in hu-non-Tg mice with or without IL-33 ( Figure 3F ). Furthermore, highly responsive mice in AHR produced a high level of human IL-5 ( Figure 3G ). These results indicate that some important characteristics of asthmatic airway inflammation, including AHR, are recapitulated in IL-33-administered hu-IL-3/GM Tg mice. 
IL-13 inhibition suppresses characteristics of asthma.
To determine whether IL-13 inhibition suppresses characteristics of asthma, we administered an anti-human IL-13 antibody to IL-33-administered hu-IL-3/GM Tg mice. Beginning 1 day before IL-33 treatment, an anti-IL-13 antibody was administered to the mice for 4 consecutive days ( Figure 4A ). As shown in Figure 4B , the number of human leukocytes, especially human T cells, in the BALF of IL-33-administered hu-IL-3/GM Tg mice significantly decreased after IL-13 antibody treatment ( Figure 4B) ; the number of human eosinophils, mast cells, and basophils also decreased ( Figure  4B ). The antibody did not affect all subsets of human leukocytes in PB, suggesting that IL-13 neutralization affects only the airway ( Figure 4B ). We next investigated the effect of treatment with an anti-IL-13 antibody on other characteristics of asthma. Mucus hyperproduction and goblet cell hyperplasia were markedly inhib- Red-outline represents that periostine was positively stained. (E) Relationship between IL-13 (x axis) and periostin (y axis) and IL-5 (x axis) and periostin (y axis) levels in the BALF of Tg mice treated with saline (n = 6) or IL-33 (n = 5). (F) Mice received increasing doses of methacholine as indicated. Airway resistance (R) after human IL-33 or saline treatment was measured using the FinePointe airway resistance analysis system. Three hu-non-Tg mice and 6 hu-IL-3/GM Tg mice were used. (G) Relationship between IL-5 (x axis) and airway resistance (R) (y axis) in the BALF of Tg mice treated with IL-33. Data are represented 3-6 mice in each group. Original magnification, ×10 or ×40 in (A); ×10 in (D). Scale bar: 50 μm or 10 μm in (A); 100 μm in (D). *P < 0.05 and **P < 0.005 compared with saline-treated groups. Statistical significance was calculated using Student's t test (F) and 1-way ANOVA (B and C). Pearson's correlation coefficient (R 2 ) was used to assess correlations (E and G).
eosinophil chemotaxis in asthmatic disorders (32), we examined the effect of an anti-IL-13 antibody on Th2 differentiation in the humanized asthma model. Although human CD4 + T cells expressed IL-4 and IFN-γ at similar levels in the absence of the anti-IL-13 antibody, IL-4 expression was markedly suppressed in its presence ( Figure 4G ). In contrast, IFN-γ expression by CD4 + T cells was significantly enhanced ( Figure 4G ). Human mast cells produced IL-4 in control antibody-treated mice; however, few of these cells were detected 
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-cells were defined as CD4 + T cells due to the decreased level of CD4 expression caused by PMA/IM stimulation. Representative data from 3 independent experiments are shown. Original magnification, ×10. Scale bar: 100 μm. Statistical significance was calculated using Student's t test (B, D, and E). *P < 0.05 and **P < 0.005.
after anti-IL-13 antibody treatment (data not shown). Thus, blockade of IL-13 suppresses Th2 differentiation, resulting in amelioration of the characteristics of asthma, in the humanized asthma model.
Generation of hu-IL-3/GM-CSF/IL-5 Tg mice.
Eosinophilic inflammation is a feature of asthma patients with severe symptoms (33, 34) . In our humanized mice, although human eosinophils were recruited into the lungs of hu-IL-3/GM Tg mice after IL-33 administration ( Figure 4B ), there is no significant level for the pathogenesis of eosinophilic inflammation. To establish a model of human eosinophilic airway inflammation, we generated NOG IL-3/GM/IL-5-triple Tg mice by introducing the human IL-5 gene into IL-3/ GM Tg mice. The serum human IL-5 level in IL-3/GM/IL-5 Tg mice was markedly higher than that of other cytokines ( Figure 5A ). After humanization, in addition to significant chimerism of human CD45 
CD16
-eosinophils of hu-IL-5 Tg mice. Mouse IgG1 was used as an isotype control antibody. Representative data from 3 (D) or 4 (E) independent experiments are shown. Original magnification, ×40. Scale bar: 10 μm. Statistical significance was calculated using 1-way ANOVA (C). *P < 0.05, **P < 0.005, and ****P < 0.00005.
from PBMCs and performed Giemsa staining. Cells that contained red intracellular granules and lobulated nuclei were considered human eosinophils ( Figure 5D ). Major basic protein (MBP), a cationic protein prestored in eosinophil granules, contributes to allergic responses (35) . Human MBP was expressed in the eosinophils of hu-IL-5 Tg mice, which may thus have the functionality of human eosinophils ( Figure 5E ). These results demonstrate that human eosinophils expressing appropriate surface molecules were highly differentiated in hu-IL-5 and hu-IL-3/GM/IL-5 Tg mice and suggest that these models might be representative of human asthma with eosinophilic inflammation.
Eosinophilic airway inflammation in hu-IL-3/GM/IL-5-triple Tg mice.
We intratracheally administered IL-33 to hu-IL-3/GM/IL-5-triple Tg mice to investigate their utility as a model of eosinophilic inflammation. Characteristics of asthma, such as goblet cell hyperplasia, IL-13 production, and AHR, were observed in hu-IL-3/GM/IL-5 triple Tg mice ( Figure 6, A-D) . Total human IgE antibody in BALF was detected only in a small number of IL-3/GM Tg or IL-3/GM/IL-5 Tg mice, regardless of IL-33 stimulation, suggesting that IL-33 does not affect the IgE production (Supplemental Figure 3) . In the BALF of hu-IL-3/GM/ IL-5-triple Tg mice, although total cell number did not increase, human eosinophils, together with murine eosinophils, predominated in the lungs after induction ( Figure 6, E and F) . In contrast, eosinophils did not infiltrate into the lungs of hu-non-Tg or hu-IL-3/GM Tg mice ( Figure 6F ). Human and mouse eotaxins are CC-chemokines produced by lung epithelial cells that recruit eosinophils to sites of inflammation in asthmatic disorders (36) . The BALF levels of murine eotaxin-1 and -2 (CCL11 and CCL24) were significantly increased in hu-IL-3/GM and hu-IL-3/GM/IL-5 Tg mice after IL-33 administration; in contrast, the levels of both human eotaxins were negligible in all of the mouse strains ( Figure 6G ). Furthermore, we evaluated human eosinophil-derived neurotoxin (EDN), which is one of the major cationic proteins contained in eosinophil granules, in BALF of the humanized mice. A high level of human EDN was observed in IL-33-treated hu-IL-3/GM and hu-IL-3/GM/IL-5 Tg mice ( Figure 6H ). These results suggest that the human eosinophilic airway inflammation can be recapitulated in hu-IL-3/GM/IL-5-triple Tg mice, and these human eosinophils migrate toward eotaxin-producing airway epithelial cells in an IL-33-dependent manner.
We next intratracheally administered HDM, the antigen is the most common cause of human asthma, to induce airway inflammation in humanized mice. Human IL-5 Tg, IL-3/GM Tg, IL-3/GM/IL-5 Tg, and non-Tg mice were treated with HDM once a week for 3 weeks and analyzed 3 days after the final administration ( Figure 7A ). We found that the goblet cells tend to increase in lungs by HDM treatment, but it did not show significant differences ( Figure 7B ). All the human cytokines, including IL-33, were not produced by the treatment in almost all mice ( Figure 7 , C and D), suggesting human immune cells do not respond to HDM. However, human eosinophils significantly infiltrated into lungs of IL-3/GM/IL-5 Tg mice after HDM treatment ( Figure 7E ). Similar to the IL-33 treatment, murine eotaxin-1 and -2 were likely produced in HDM-treated IL-3/GM and IL-3/GM/IL-5 Tg mice, but they have no significant differences ( Figure  7F) . Therefore, the HDM-induced airway inflammation model showed weak characteristics of asthma compared with the IL-33-induced model using hu-IL-3/GM/IL-5-triple Tg mice, but human eosinophilic inflammation may be recapitulated through the murine eotaxin-dependent mechanisms.
Discussion
In the present study, we generated a potentially novel asthma model in which intratracheal administration of human L-33 into humanized NOG IL-3/GM or IL-3/GM/IL-5 Tg mice resulted in asthmatic airway inflammation mediated by human IL-13 produced by human T cells and mast cells. The mice also exhibited mucus hyperproduction from goblet cells, periostin secretion, AHR, and eosinophilic inflammation. Because anti-human IL-13 treatment suppresses these characteristics, humanized models of asthma may be used in preclinical studies for other candidates.
In a murine model of asthma, IL-33 plays a critical role in the pathogenesis of airway inflammation by inducing the production of type-2 cytokines from the IL-33 receptor-expressing (ST2-expressing) cells, such as basophils, mast cells, and ILC2 (37) (38) (39) (40) . Christianson et al. reported that ILC2 is involved in persistent asthmatic inflammation via a positive feedback circuit with lung epithelial cells (40) . IL-33 produced by damaged epithelial cells induces IL-13 secretion by ILC2; this enhances ST2 expression and IL-33 production by epithelial cells. Moreover, Th2 cells have redundancy to this positive feedback mechanism instead of ILC2 (40) . Although the mechanisms similar in the cytokine network to the murine models have been observed in our humanized mice, only a small number of human ILC2 was detected even after stimulation with IL-33 ( Figure 2, C and D) . It is difficult to determine whether those human ILC2 contribute to the pathology of asthma, but there remains some possibility that the inflammation enhanced by ILC2 responded to IL-33 in IL-3/GM-CSF or IL-3/GM-CSF/IL-5 Tg mice. Two studies succeeded in engrafting human ILC2 in immunodeficient mice. Rigas et al. developed a humanized mouse model using NSG mice with adoptive transfer of isolated and cultured human ILC2 (41) . Similar to our work, they intratracheally administered human IL-33 into ILC2-reconstituted mice, which resulted in AHR and murine eosinophilic infiltration. However, + population in the cord and adult blood, the fetal liver, and several adult tissues are the progenitor population of all human ILC subsets, including ILC2 (42) . These progenitors can be engrafted in humanized mice, where they differentiate into mature ILCs. Therefore, complete reconstitution of human immune cells with a large number of human ILC2 may require transplantation of both CD34 + and ILC progenitors. IL-13 induces periostin secretion by airway epithelial cells, which contributes to the severity of airway remodeling (29, 43) . Lebrikizumab is an anti-IL-13 antibody used for severe uncontrolled asthma in patients who failed treatment with an inhaled corticosteroid plus a second controller (44) . Lebrikizumab suppresses the symptoms of asthma and improves lung function, especially in patients with high serum periostin levels. Statistical significance was calculated using Student's t test (B-D) and 1-way ANOVA (F-H). *P < 0.05, **P < 0.005, and ***P < 0.0005. In our asthma model, the human IL-13 level was correlated with that of murine periostin, and inhibition of IL-13 suppressed asthmatic airway inflammation, including periostin secretion. Therefore, our data suggest that the mechanisms underlying exacerbations of asthmatic pathology mediated by IL-13 and periostin can be mimicked in humanized mice, which thus have potential for evaluating the efficacy of novel antiasthma drugs.
IL-5 is critical for the growth, activation, and survival of eosinophils. Eosinophils can induce airway remodeling in murine models, as well as in human patients, and IL-5 is a target for therapeutics (45) (46) (47) . Despite the characteristics of asthma in hu-IL-3/GM Tg mice, little accumulation of human eosinophils in the lungs occurred. We thus generated NOG IL-3/GM-CSF/IL-5 Tg mice by crossing IL-3/GM Tg with IL-5 Tg mice. Strikingly, a considerable number of human eosinophils were present in the BALF of or 10 hu-IL-3/GM Tg, 9 or 11 hu-IL-3/ GM/IL-5 Tg, and 8 or 7 hu-non-Tg mice with or without HDM treatment (E-F). Statistical significance was calculated using 1-way ANOVA (E). **P < 0.005. these mice after IL-33 administration. This recruitment of human eosinophils might be mediated by murine eotaxins, due to the crossreaction between murine and human. IL-33 causes human T cells and mast cells to produce IL-13, which induces eotaxin production by airway epithelial cells more effectively than IL-4 (48). Because only a small fraction of the eosinophils of hu-IL-3/GM Tg mice are human, human IL-5 is necessary for the expansion of human eosinophils in blood and the induction of eosinophilic inflammation in our humanized mouse model. In one of the major concerns in this model, murine eosinophils were also significantly detected, as well as human eosinophils in BALF of IL-3/GM-CSF/IL-5 Tg mice in the stimulation of human IL-33. Considering the utilization of humanized mice for preclinical therapeutic application, the responses mediated by murine cells are required to be excluded as far as possible. Because murine eosinophils do not function in response to IL-5 in murine IL-5 receptor-KO mice (49), we consider that mice are suitable to overcome this issue and need to combine this model with IL-3/GM-CSF/IL-5 Tg mice in the future.
HDM challenge is most commonly used in murine models of allergic asthma and produces innate proallergic cytokines, TSLP, IL-25, and IL-33 (50) . However, mild characteristics of asthmatic airway inflammation have been shown in the humanized mice model after HDM challenge compared with induction by IL-33. We speculated that multiple intratracheal injections of HDM do not fully activate human T cells, due to the defect of lymphopoiesis, especially T cell differentiation, in humanized mice (51) . NOG HLA-DR4 Tg mice (52) Our humanized mouse model is limited by intrinsic defects in the class switch machinery of human B cells (53) . This hampers the generation of a model of asthma mediated by allergen-specific IgE. An alternative approach is passive induction of asthma using monoclonal IgE against asthma-related antigens, such as HDM. Because we previously reported induction of a PCA reaction mediated by human mast cells, allergen-specific human IgE might trigger more severe reactions in hu-IL-3/GM Tg or IL-3/GM/IL-5 Tg mice; this warrants further investigation.
In conclusion, we developed a potentially novel humanized mouse model of human asthma using hu-IL-3/GM Tg mice treated with IL-33. Various symptoms of asthma -such as goblet cell hyperplasia, IL-13 production, periostin secretion, and AHR -were observed in the mice and were suppressed by administration of an anti-IL-13 antibody. Furthermore, human eosinophilic inflammation was induced in the hu-IL-3/GM/IL-5 Tg mice in a murine eotaxin-dependent manner. The next-generation humanized mouse model reported herein will improve our understanding of the pathogenesis of human asthma and enable evaluation of novel therapeutic agents.
Methods
Mice. NOG (formal name, NOD.Cg-prkdc scid il2rg tm1Sug /Jic) (21) and NOD/Shi-scid-IL2rγ null hu-IL-3/ GM-CSF Tg (NOG hIL-3/GM-CSF Tg; formal name, NOD.Cg-prkdc scid il2rg tm1Sug Tg [SRα-IL-3, CSF2]7-2/Jic/JicTac) (27) mice were previously established in the CIEA. NOG hu-IL-5 Tg(formal name, NOD.Cg-prkdc scid il2rg tm1Sug Tg [CMV-IL-5]1-1/Jic) mice were generated in this study. Human IL-5 cDNA was synthesized from mRNA extracted from hu-CD4 + T cells stimulated with 10 ng/ml PMA (MilliporeSigma) and 1 μg/ml IM (MilliporeSigma) in RPMI1640 medium (Thermo Fisher Scientific) for 4 hours at 37°C in 5% CO 2 . The cDNA was inserted into the pCMVβ vector (Takara Bio USA Inc.) and linearized by digestion with EcoRI and HindIII restriction enzymes. Linearized fragments were injected into NOD/NOG F1 mouse embryos. Offspring with the transgenes were backcross-mated to NOG mice to introduce the scid and IL-2rγ null genes. Then, IL-5 Tg mice were crossed with IL-3/ GM-CSF Tg mice to generate IL-3/GM-CSF/IL-5-triple Tg mice. The mice had access to sterilized food and water ad libitum and were used for human cell transplantation studies at 7-10 weeks of age.
Generation of humanized mice. Commercially available human cord blood-derived CD34 + cells (AllCells LLC or Lonza) were used in this study. The cells were prepared according to the manufacturer's instructions. Briefly, a cryopreserved CD34 + cell vial was thawed in a water bath at 37°C and immediately transferred to RPMI1640 medium (Thermo Fisher Scientific) containing 10% FCS. After washing with PBS, the viability of CD34 + HSCs was examined by 2.5% trypan blue exclusion assay; cells with >80% viability were used for transplantation. Human HSCs (4 × 10 4 to 5 × 10 4 ) were i.v. injected into NOG, NOG IL-3/GM Tg, or NOG IL-3/GM/IL-5 Tg mice 1 day after 1.5-2 Gy irradiation using an X-ray system (MBR-1505R; Hitachi Medical).
Induction of asthmatic airway inflammation. At 14-18 weeks after humanization of NOG, NOG IL-3/GM Tg, and NOG IL-3/GM/IL-5 Tg mice, 1.25 μg of recombinant human IL-33 (ATGen Co. Ltd.) or PBS, as a negative control, was intratracheally administered for 3 consecutive days under anesthesia by inhalation of isoflurane (3%-5%). One day after the third IL-33 administration, BALF was harvested by injecting 1 ml of PBS into the lungs using a syringe.
For HDM-induced airway inflammation model, HDM (Dermatophagoides pteronyssinus at 100 μg/ mouse/treatment; GREER Laboratories) was intratracheally injected at days 0, 7, and 14 under anesthesia, and BALF was harvested at day 17, as previously described (50, 54) . BALF samples were analyzed by flow cytometry, ELISA, or cytometric bead array (CBA) as described below.
Flow cytometry. Engraftment and differentiation of human cells in the spleen, PB, and BALF were analyzed by flow cytometry and staining with anti-human antibodies. Cells were prepared using BD PharmLyse (BD Biosciences) to remove RBCs and were incubated in the dark for 20 minutes at 4°C in the presence of a mixture of appropriate fluorescently labeled monoclonal antibodies. After washing with PBS, the cells were suspended in propidium iodide (PI) solution (BD Biosciences), subjected to multicolor flow cytometry with FACS Canto (BD Biosciences), and analyzed using FACS Diva software (BD Biosciences). The engraftment ratio of human cells was expressed as the percentage of hu-CD45 + cells of total mononuclear cells (mouse plus human), excluding erythrocytes. The following antibodies against cell-surface molecules were used: anti-human CD66b FITC (clone G10F5), -CD8-FITC (clone HIT8a), -CD45-allophycocyanin-Cy7 (APC-Cy7) (clone 2D1), -CD4-phycoerythrin (PE) (clone RPA-T4), -CD203c-PE (clone NP4D6), -c-kit-PE-Cy7 (clone 104D2), -CD14-PE-Cy7 (clone HCD14), -CD3-APC (clone HIT3a), and -CD16-APC (clone 3G8) (all from BioLegend).
For staining of intracellular cytokines, cells isolated from BALF or spleen were stimulated with 10 ng/ml PMA (MilliporeSigma) and 1 μg/ml IM (MilliporeSigma) in the presence of 1 μg/ml Brefeldin A (BioLegend) in RPMI1640 medium (Thermo Fisher Scientific) for 4 hours at 37°C in 5% CO 2 . The cells were fixed and permeabilized in paraformaldehyde fixation buffer (PFA) (BioLegend) and permeabilization wash buffer (BioLegend) before staining. Next, IL-13, IL-4, and IFN-γ were stained using anti-human IL-13-APC (clone JES10-5A2), anti-IL-4 Alexa Fluor 488 (clone 8D4-8), and anti-IFN-γ-PE-Cy7 (clone B27) antibodies (BioLegend). Total leukocytes were enumerated using an XT-2000iV automated hematology analyzer (Sysmex Corporation).
For ILC2 staining, lung tissues were minced using scissors and incubated with 1 mg/ml collagenase IV (Thermo Fisher Scientific) and 2.5 mg/ml DNase I (MilliporeSigma) in RPMI1640 at 37°C for 45 ELISA. Levels of human IL-5, -IL-3, and -GM-CSF in the serum, and levels of human IL-13, -IL-9, -IL-33, -IgE, and -eotaxin-1 and -2, EDN and murine periostin and eotaxin-1 and -2, in the BALF, of the humanized mice were measured using an ELISA kit for human IL-5, -IL-3, -GM-CSF, and -IL-13, and murine periostin (R&D Systems) for human IL-9 and human and murine eotaxin-1 and -2 (Abcam), for human IgE (Bethyl Laboratories Inc.), and for human EDN (MBL Co., Ltd.) according to the manufacturer's instructions. In some experiments, the serum monomeric periostin was measured by a sandwich ELISA using 2 anti-periostin mAbs (clones 19D and 19C) as described previously (55) .
Multiplex bead-based cytokine immunoassay. A BD CBA Human Cytokine or Chemokine Kit (BD Biosciences) was used to quantify human IFN-γ, IL-4, IL-1β, IL-13, IL-5, IL-12, TNFα, CCL2, IL-8, and RANTES levels in plasma, following the manufacturer's instructions. The data were acquired using a BD FACS Canto flow cytometry system (BD Biosciences) and analyzed using BD FCAP Array v. 3.0 software (BD Biosciences). A standard curve was generated using a 5-parameter logistic (5-PL) equation.
Histology. For histological analysis, the lungs of the humanized mice were fixed in 10% buffered formalin (Wako) overnight and embedded in paraffin. Sections 3-μm thick were placed on aminosilane-coated glass slides (Muto Pure Chemicals). Immunohistochemical staining for T cells and mast cells was performed using a Leica Bond-Max automated staining system (Leica Biosystems). Paraffin sections were dewaxed in Bond Dewax solution (Leica Biosystems) and dehydrated by incubation in alcohol. After antigen retrieval in 10 mM citrate buffer (pH 6.0), the sections were stained with anti-human CD3 (clone SP7, Nichirei Biosciences, Tokyo, Japan) and mast cell chymase (MCC) antibodies (clone CC1, Leica Biosystems). Detection and
